Introduction
The defining event of meiosis is prophase-I, during which the maternal and paternal chromosome find each other in the nucleus, pair, and align in a process called "synapses of the homologues." Their faithful segregation during the first meiotic division (MI) requires meiotic recombination and in particular at least one crossing over (CO) per pair of homologous chromosomes. COs are needed, not only to generate diversity within a population, but (along with sister chromatids cohesion) to form the chiasmata that are the physical connection between the homologues that ensures their faithful segregation at metaphase-I. Our understanding of recombination in higher eukaryotes has comes from studies in model organisms such as yeasts, flies and worms. Although there are clear differences among organisms, most of the genes and proteins that are required in these processes are conserved and have orthologues in mammals. However, their null mutations in mice (Mus musculus) do not always display the same phenotype as in lower eukaryotes, indicating that along with the increased complexity of the genome, same genes have acquired new or partially overlapping functions. In this review we will focus on the main genes and protein products which are required for meiotic recombination, comparing the simple metazoan C. elegans and the mouse, underlying divergences and similarities between these organisms.
Recombination initiation
Meiotic homologous recombination is initiated by the formation of double strand breaks (DSBs) in one sister chromatid of one homologue (Fig. 1a) . The protein responsible for such function is SPO11, a type-II topoisomerase-like DNA trans-esterase highly conserved in all eukaryotic species. While in most organisms homologous chromosome pairing and synapsis is dependent on the appearances of such DSBs, it is not so in C. elegans in which homologue recognition and pairing is accomplished by means of specialized genomic sequences and proteins [1] . In this organism, in absence of spo-11, although meiotic recombination does not occur and homologous chromosomes appear as univalents by the end of meiotic prophase and fail to properly segregate, meiotic synapsis takes place and meiosis proceeds [2] . Interestingly, in the meiotic mutant cra-1, unlike in the wild type, DSB formation is required to promote the polymerization of the central region Recombination is initiated by SPO11-generated double strand breaks (DSBs) formation (a). Following DSBs, DNA is resected (b) to expose a 3′ single-strand DNA tail which prime the search of the homologue sequence either using one chromatid of the homologous chromosome (c and d) [Inter-homolog recombination, IHR] or the sister chromatid (e) [sister-chromatid homologous recombination, SCHR] leading to DSB repair. When the homolog chromosome is used for repair, HR might leads to the formation of a crossing over (CO) [c] . Alternatively, the invading single-strand DNA end is displaced and the DSB is repaired by synthesis-dependent strand annealing (SDSA) which results in a non-CO product (d). In black are indicated C. elegans gene products. In black bold are indicated protein names which nomenclature is common in both C. elegans and mice. The blue color identifies the C. elegans hortolog gene product in mammals. In green are indicated mouse gene products. Note that note all the listed protein have a defined function in the specific step of recombination in both organisms (for more details see the text).
components along meiotic chromosome axes. In fact, in the absence of both CRA-1 and SPO11, synaptonemal complex (SC) formation is perturbed [3] . This observation and the fact that DSBs are formed in the syp-2 mutants [4] , lacking a fundamental synaptonemal complex (SC) central element, also exclude the possibility that in C. elegans the SC formation might be required for DSBs induction or that it might precede their appearance unlike what has sometimes been suggested [5] . In mice, as in most eukaryotes, chromosome pairing/synapses and DSB formation are instead strictly linked: failure to induce DSBs results in a failure of chromosome pairing/synapses in leptonema and zygonema (although some non-homologous synapses does occur) coupled with the absence of meiotic recombination markers. In Spo11−/− female mice, oocytes reach the diplotene/dictyate stage of prophase-I in nearly normal numbers, but cells are soon lost after birth [6] [7] [8] and the few surviving oocytes, that progress further, are defective in chromosome segregation [9] .
Processing of meiotic DSBs and strand invasion
In mitotic cells, DSBs can be repaired either by the nonhomologous end joining pathway (NHEJ) or via homologous recombination (HR). NHEJ involves direct religation of the DSB and unlike HR is prone to errors. In meiotic cells the NHEJ is repressed, promoting repair by HR [10] . It has been demonstrated that in C. elegans NHEJ during meiosis is repressed by the action of fcd-2 (orthologue of FANCD2) preventing illegitimate repair [11] .
In meiosis, the repair of DSBs by HR leads to the formation of COs and non crossovers (NCOs); in C. elegans oogenesis, as in mice, only a fraction of DSBs become COs, but each chromosome pair has at least one (obligatory) CO which is required to lock the homologues together during the first meiotic division.
During HR, following the generation of the meiosis-specific DSBs, Spo11 is removed from DNA, and 5′-ending strands are degraded to expose 3′-ending single-stranded DNA (ssDNA) [Fig. 1b ]. These tails, invading an intact homologous DNA duplex, are used as primers for DNA synthesis. Strand invasion of homologous chromosome by the 3′ single strand is mediated by members of the RecA family: namely RAD51 and the meiotic-specific DMC1. Removal of Spo11 from meiotic DSB ends involves in yeast the Sae2 and Mre11-Rad50-Xrs2-dependent endonucleolytic step that releases Spo11 bound to a short nucleotide sequence [12, 13] .
The C. elegans orthologue of Sae2, COM-1, is a conserved eukaryotic protein known in mammals as CtIP. In com-1 mutants meiotic DSBs are formed, but fail to load the RAD-51 protein and homologous recombination does not occur, although exposure to ionizing radiations induces RAD-51 foci, which suggests that the failure of RAD-51 loading is specific to SPO-11-generated DSBs [14] . As shown in budding yeast the MRE-11 protein is necessary in C. elegans for DSB induction and end-processing. mre-11 mutants are, in fact, unable to repair meiotic chromosomes after ionizing radiation [15] , but intact chromosomes are observed in the absence of both RAD-51 and MRE-11 [16] . RAD-51 loading is also RAD-50 dependent in the very early stages of meiotic DSB repair, however at later stages of pachytene (as well as in the premeiotic mitotic zone) RAD-51 loading is independent of RAD-50. Requirement of RAD-50 for DSBs formation is alleviated in absence of the meiotic cohesin REC-8 suggesting that this cohesin may limit the activity of SPO-11 in DSB formation [17] .
In mice a role for CtIP in meiosis has been not established yet. In addition, a role for the MRX complex (consisting of MRE11, RAD50 and NBS1) in the endonucleolytic cleavage that releases the SPO11-oligonucleotide complex from DNA has not been found, in part perhaps, because mutants are unviable. However, the analysis of meiotic events in mice harbouring hypomorphic MRE11 and NBS1 mutations revealed that these proteins are required for processing Spo11-induced DSBs (as evidenced by the persistence Rad51 foci at pachynema) and proper placement of MLH1 foci, a marker of CO formation [18] . Interestingly, even if the molecular players involved in DSB resection in mammals have been not identified, it has recently found that DNA polymerase β is critical for efficient and/or timely removal of the SPO11 complex from DSB ends [19] ; and that ATM influences an early step in nucleolytic processing of meiotic DSBs as proposed in yeast, and constrains DSBs formation [20] . Whether this control is also functional in C. elegans is unknown.
A missing actor in the strand invasion step in C. elegans (as well as in Drosophila and Neurospora Crassa) is the RecA-like protein Dmc1. In C. elegans RAD-51 protein is more similar to members of the Rad51 family than to Dmc1, however some conserved Dmc1-specific aminoacids are retained suggesting that the C. elegans RAD-51 may represent a hybrid performing the activities of both these strand-invading proteins [16, 21] .
In most organisms (including mice) in which Dmc1 is present, Dmc1 mutants display meiotic recombination failure and chromosome synapses defects, indicating that this protein has a specific function in meiotic HR-repair. What functionally distinguishes Rad51 from Dmc1 is still unclear. However in vitro experiments have recently demonstrated that the recombination intermediate formed by Dmc1 is more stable than that formed by Rad51 [22] , suggesting that it might be required to the formation of stable interhomolog chromosome interactions that promotes pairing and recombination. In both mitotic and meiotic cells the function of RecA family proteins is influenced by accessory proteins. During HR in mitotic cells the processed 3' ssDNA ends are first loaded by the ssDNA-binding protein RPA, whose loading onto DNA is required to protect the 3'-protruding end, RPA is then replaced by Rad51, with the aid of mediators such as Rad52 and the breast cancer related protein BRCA2.
Another missing actor in C. elegans is the Rad52 protein. Rad52 is also not required for Rad51/Dmc1 loading in mice [23] . However in both organisms the brc-2 gene (orthologous to the breast cancer susceptibility gene BRCA2 and absent in fungi) is essential for RecA-homologues loading at DSBs sites [24, 16] . In nematodes, brc-2 and rad-51 mutants exhibit a similar phenotype resulting in extensive chromatin decondensation/fusion at diakinesis [16, 24] . In absence of BRC-2, DNA ends appear over-resected [24] . Furthermore, BRC-2 stimulates RAD-51-mediated D-loop formation and reduces the rate of ATP hydrolysis catalyzed by RAD-51 suggesting that BRC-2 can also prevent RAD-51 nucleoprotein filament depolymerization [25, 26] .
In male mice BRCA2 deficiency leads to a marked reduced assembly of Rad51/Dmc1 foci and lack of extensive synapses, and both males and females are infertile, indicating that its function is conserved among species [27] . BRCA1 performs a similar function in RAD51 (but not DMC1) loading in male mice, and pachynema spermatocytes lack MLH1 foci, a marker of CO formation. Such behaviour however is sexually dimorphic, indeed BRCA1 is not required for oocyte meiosis [28] . In C. elegans oogenesis, in line with the observation made in mice, brc-1 is dispensable for CO formation since mutations in brc-1 only mildly affect X chromosome non-disjunction and have no effects on autosomes segregation [29] .
Interhomolog vs. sister bias
In mitotic cells, the preferred template for repair of DSBs by HR is the sister chromatid (sister chromatid homologous recombination [SCHR] ). In meiosis on the contrary, consistent with the requirement of homologous synapses and COs, the use of the sister template occurs in yeast at low frequency, and the preferred template of choice is one of the chromatids of the homologous chromosome (inter homolog recombination [IHR]) (Fig. 1c-d) . Observation in yeast indicates that the SC axial element proteins Red1 and Hop1 together with the meiotic specific kinase Mek1 form a "barrier" to SCHR (Fig. 1e) suppressing Rad51-Rad54 complex formation. This would promote the inter-homolog repair function of Dmc1 [30, 31] . In addition, homologous bias is also implemented by several other factors. For example, Pch2 is required for full Mek1 activity, to establish proper meiotic chromosome axis structure and to regulate meiotic inter-homolog DSB repair outcomes [32] .
SC axial element proteins that as Hop1 contain chromatin binding HORMA domains have been also found in Metazoan.
In mice, the ablation of Hormad1 cause sterility in both sexes; and its protein product is required for the proper formation of the SC and support a wild type level of DSBs and/or singlestranded DSBs ends, thereby facilitating homologous search [33] . HORMAD1, as budding-yeast Hop1, is required for efficient DSB formation, however, whether HORMAD1 may play a specific role in inter-sister vs. sister bias in mice, has not been established yet. Recently a Pch2 orthologue (TRIP13) has also been identified in mice. The analyses of these mutants revealed that TRIP13 is required for the removal of HORMAD1 from synapsed axes [34] , completed homologous synapses, and DSB repair, indicating that at least some of the functions of Pch2 are conserved in mammals. However a specific role in inter-homolog vs. sister bias has not been ascertained [35] . Interestingly, Li and co-authors have recently provided genetic evidences that in mice females SYCP2 and SYCP3 axial components promotes IHR, and that as proposed in yeast, RAD54 function is required for SCHR recombination. Whether this occurs also in male mice is difficult to test due to their developmental stage arrest, and thus remains an open question [36] .
In C. elegans the HTP-1 (one of the four member of the HORMA domain family involved in coordinating early meiotic events) plays a fundamental role in inhibition of SC assembly between non homologous chromosomes and in conversion of DSBs in inter-homolog crossovers possibly by inhibiting SC formation before homologues are aligned and CO initiated. A further role, as suggested for Hop1 in yeast, is that of preventing the use of the sister chromatid as recombination template [37, 38] therefore the specialized mode of interhomolog meiotic repair is established at the onset of prophase and then released later between middle and late pachytene stages by profound changes in the axis composition of the HORMA family proteins and HTP-1/2 in particular [17, 39] . Once the constraint is released, homologous repair via inter-sister is allowed in order to guarantee complete repair of chromosomes before segregation. In C. elegans homolog-independent recombination is in fact crucial for germ cell genomic stability. SMC-5 and 6 proteins, dispensable for chiasmata formation and accurate chromosome segregation in meiosis, are however required for the successful completion of meiotic homologous recombination repair. Mutations in the smc-5 and smc-6 genes induce chromosome fragmentation and dismorphology. Genetic analysis suggests that the C. elegans SMC-5/6 proteins are required in meiosis for the processing of homolog-independent, presumably SCH-mediated, recombination repair [40] . Analogously, the brc-1 gene appears necessary for inter-sister homologous recombination in meiosis [29] .
CO vs. NCO and crossover interference
In all the organisms the number of DSBs is higher than the number of the COs and only a fraction of DSBs is repaired as a CO, while the other repair events results in a non-COs (NCOs). In the CO pathway, following strand invasion the second processed end of a DSB is captured to form a double Holliday junction. Such specific enzymes can resolve recombination products into either CO, or NCO products. DSBs not involved in CO are thought to be repaired by synthesis-dependent strand annealing (SDSA). In SDSA the invading strand is released and the ssDNA re-anneal to the other ssDNA end of the DSB, resulting in a gene conversion with NCO (Fig. 1d) . In yeast the so called ZMM proteins (ZIP1-4, MER3 MSH4 and MSH5) have been shown to be specifically required for the CO pathway; such that, when these genes are deleted, NCOs remain unaffected while COs are reduced [41] . In mice MSH4 and MSH5 have an early role in DSB repair. Indeed meiocytes arrest at zygonema/early pachynema [42] [43] [44] [45] precluding a cytological analysis of CO formation. However, the co-localization (on meiotic chromosome spreads) of MSH4 with a marker of pro-CO and CO events (MLH3 and MLH1 respectively) [46, 47] and the ability of hMSH4/hMSH5 heterodimer to bind Holliday Junctions in vitro [48] , indicates that these proteins have also a role in late recombination. In addition the observation that the number of MSH4 (and presumably MSH5) foci that associate with meiotic chromosomes exceed 10-fold the number of COs, and that foci number gets pared down in the transition form zygonema to pachynema [43] has suggested that MSH4 foci might take part in a protein-directed selection of crossover sites, perhaps before the NCO/CO bias is established.
The expected phenotypes for the above-described roles in CO formation have been described for mutants in the corresponding C. elegans genes him-14/msh4 and msh-5 [49, 50] . Although it is often stated that deletion either in him-14/msh-4 or msh-5 abolishes all CO events in C. elegans, also in this nematode, as in other organisms, a small number of meiotic recombination events can occur in absence of the him-14/msh4 gene. Simple comparison of embryonic lethality (due to non-disjunction and consequent aneuploidy) and of the average number of chromatin bodies/ nuclei at diakinesis among spo-11, and him-14/msh4, and him-14/ msh4, lig-4 mutants suggest the presence of him-14/msh4 independent CO events. In fact, a spo-11 deletion strain, where no meiotic CO occur, exhibits an embryonic lethality close to 99,7% while him-14/msh4 mutant has an average lethality of 95%. Survival cannot be simply explained by random chromosome segregation that should be equal to that of the spo-11 mutant. Furthermore about 10% of the him-14/msh4 diakinesis nuclei show 11 DAPI staining bodies or less instead of the expected 12 bodies representing the complete set of univalent chromosomes. Finally, the appearance of linked chromosomes at diakinesis is likely to represent the formation of true bivalents resulting from CO recombination since they do not disappear in the him-14/msh4, lig-4 background where non-homologous end joining is abolished (Adamo and Gareri, unpublished) .
The C. elegans ZHP-3 is distantly related to the yeast Zip3 protein although it is not a structural component of the SC. Homozygous zhp-3 knockout worms show normal homologue pairing, SC structure, and RAD-51 foci formation. However, ZHP-3 protein is essential for reciprocal recombination between homologous chromosomes and chiasma formation. In the absence of ZHP-3, reciprocal recombination is abolished and double-strand breaks seem to be repaired via alternative pathways [51] . The ZHP-3 is proposed to couple synaptonemal complex morphogenesis and crossover formation and to mark precursor sites for inter-homolog crossover in late pachytene [52] . Interestingly, in humans, based on data from a sequencing project of the Icelandic population, it has been observed that old mothers, that have given birth to normal children, seem to share a polymorphism in the RNF212 gene (orthologue of zhp-3) associated with a higher number of COs [53] . The protein is present in mouse but its function has not been established yet.
Beside MSH4/5, two key players in CO formation in mice are MLH1 and MLH3. Mlh1−/− males and females are sterile as result of about 10-fold fewer chiasmata, which cause chromosome segregation defects, indicating that MLH1 is required to form proper COs [54] . Cytologically MLH3 foci formation precedes that of MLH1 (MLH3 appears in early pachynema while MLH1 is first detected at mid-pachynema), and while MLH3 foci form in Mlh1−/− mice, no MLH1 foci are detectable in Mlh3−/−, indicating that MLH3 might localize to sites of exchange that are then recognized and stabilized by MLH1. Indeed all MLH1 foci, that appear at mid pachynema, co-localize with MLH3 [47] , further supporting this interpretation.
In organisms where multiple COs occur on a given chromosome, COs are spaced farther apart than predicted in a random distribution, a phenomenon known as CO interference. In mice, how interference is imposed is unknown. However it has been demonstrated that it is already detectable at late zygonema among prospective CO sites containing MSH4 or RPA foci, and that it occurs at a much higher level in pachytene among MLH1 foci. The colocalization of MSH4 and MLH1 in some early pachytene foci [46] is consistent with positioning of MLH1 foci in two steps, with MLH1 foci being recruited from weakly interfering MSH4 foci [55] . However, because MLH1 and MSH4 foci are distributed differently along the SCs, the factors determining MLH1 focus positions along wild-type SCs might differ from those determining MSH4 focus positions; thus the two levels of interference observed might be temporally and mechanistically distinct.
In wild-type C. elegans one and one only CO per pair of homologous chromosomes is observed. However, as in other eukaryotes, each homologs pair is subject to more than one DSB. It has been reported that meiotic DSBs are about twice the number of final CO in C. elegans [56] . Interestingly, using chromosome fusions, it has been demonstrated that two or three chromosomes fused together, when in homozygosis, limit the number of COs to one (rarely two) per couple of homologs irrespectively of their length [57] . On the other hand, increase in axis length caused by depletion of condensin subunits correlates with a dominant change in DSB distribution and CO position [56] .
Furthermore, it has been postulated that C. elegans RTEL-1 (orthologue of the human anti-recombinase RTEL1) regulates meiotic recombination and CO homeostasis in C. elegans by physically dissociating strand invasion events [58] and promoting NCO repair by meiotic synthesis dependent strand annealing [59] .
Crossover resolution
In C. elegans the orthologue of the Blm gene, him-6, coding for a RecQ elicase, was identified several years ago for its meiotic defects. Mutations in him-6, beside genome instability leading to a mutator phenotype and radiation hypersensitivity, lead to generalized chromosome non-disjunction during meiosis. Unlike in yeast, where lack of Sgs1 leads to increased recombination frequency, him-6 mutants exhibit reduced number of COs. HIM-18, an orthologue of MUS312/Slx4 is also required for processing CO intermediates. A reduction in CO recombination frequenciesaccompanied by an increase in RAD-51 foci and subsequent chromosome non-disjunction support a role for HIM-18 in converting CO intermediates. Such a role is supported by physical interaction of HIM-18 with the DNA repair nucleases SLX-1 and XPF-1 [60] .
In mice BLM localizes to discrete foci along meiotic chromosomes, increasing in number as homologous chromosomes pair and begin to synapse, and is gradually lost in early to midpachynema stage [61] . The impact of BLM in mammalian meiosis has been recently investigated in spermatocytes by using a mouse line carrying a conditional knockout (CKO) allele of Blm. The phenotypic analysis revealed that spermatocytes display non-homologous synapse defects regardless from the fact that MSH4/5 and MLH3/MLH1 pathways are intact, thus indicating that BLM prevent non-homologous synapses via a mechanism that does not affect the major DSB repair pathway. In addition, contrary to what is observed in C. elegans, CKO spermatocytes, beside a normal number of MLH1 foci, present an increase in chiasmata or chiasmata-like structures, indicating that BLM is required to prevent or resolve aberrant CO events [62] . Interestingly, Mlh3−/− spermatocytes display an increased number of BLM foci. This has suggested that in normal meiosis the access of BLM to CO intermediates is prevented (perhaps by the ZMM protein group) and as a consequence its anti-recombination activity would be directed against recombination intermediates to which MLH1-MLH3 do not bind [62] .
